migration. Because individual follicle cells move over ECM fibrils previously oriented by neighbors, global rotation can both amplify and reinforce coordination of PCP across the entire tissue. We suggest that PCP coordination in the follicle may thus result from dynamic movement of an epithelium across a static cue-the ECMrather than propagation of a cue through a static epithelium.
Finally, in providing a specific mechanism for the control of Drosophila egg shape, our work sheds light on the general role of the ECM in sculpting tissues. The circumferential collagen IV fibrils formed by follicle rotation recall the circumferential cellulose fibrils formed by rotating the cellulose synthase complex within the plasma membrane during elongation of stationary plant cells (32) . Whereas our proposed mechanism can account for the majority of follicle elongation, data from Drosophila mutants suggest that it is only one of several mechanisms that establish final egg shape.
To the best of our knowledge, a morphogenetic movement with the attributes of follicle rotation has not been described in other animal tissues. We note that the existence of follicle rotation was not anticipated, despite a rich history of studies on Drosophila oogenesis from fixed specimens. Live imaging of other morphogenetic events may uncover additional instances where polarized tissue rotation influences tissue and organ shape. Metarhizium anisopliae infects mosquitoes through the cuticle and proliferates in the hemolymph. To allow M. anisopliae to combat malaria in mosquitoes with advanced malaria infections, we produced recombinant strains expressing molecules that target sporozoites as they travel through the hemolymph to the salivary glands. Eleven days after a Plasmodium-infected blood meal, mosquitoes were treated with M. anisopliae expressing salivary gland and midgut peptide 1 (SM1), which blocks attachment of sporozoites to salivary glands; a single-chain antibody that agglutinates sporozoites; or scorpine, which is an antimicrobial toxin. These reduced sporozoite counts by 71%, 85%, and 90%, respectively. M. anisopliae expressing scorpine and an [SM1] 8 :scorpine fusion protein reduced sporozoite counts by 98%, suggesting that Metarhizium-mediated inhibition of Plasmodium development could be a powerful weapon for combating malaria.
N early half of the world population is at risk of contracting malaria, and over one million people, mostly African children, die of the disease every year. Efforts to control the disease are hampered by increased resistance of parasites and vectors to drugs and insecticides (1) . Emergence and spread of pyrethroid-resistant mosquitoes is a particular threat, because pyrethroidtreated bed nets are the mainstay of malaria control programs and there are no immediate prospects for new chemical insecticides (2, 3) . There is consequently a pressing need for practical alternatives for malaria control (1). Several field and laboratory studies have used fungi, such as Metarhizium anisopliae, that are pathogenic to adult mosquitoes. Unlike bacteria and viruses, fungal pathogens infect mosquitoes through direct contact with the cuticle and so lend themselves to strategies currently used for delivery of chemical insecticides, for example, being sprayed on indoor surfaces of houses, cotton ceiling hangings, curtains, and bed nets (4, 5) or used in outdoor odorbaited traps (6) . Fungal spores persist on some treated surfaces for months (5) and can be used in insecticide-resistance management or integrated vector management because fungal infections act synergistically with various insecticides [including pyrethroids and dichlorodiphenyltrichloroethane (DDT)], and fungi are equally effective against insecticide-resistant and insecticide-susceptible mosquitoes (7, 8) .
Using currently available fungal strains mosquito death is slow, but it takes about 12 to 14 days for Plasmodium falciparum, the causative agent of malaria, to develop in the mosquito from ingested gametocytes to infectious sporozoites. With use of a rodent malaria model, it was found that fungal biopesticides reduced transmission potential by 98% as long as mosquitoes became infected with the fungus soon after ingesting Plasmodium (9). A high probability of early infection is important to the success of fungal biopesticides, and the high coverage this requires may be hard to achieve in the field because of issues such as user resistance (10) (11) (12) . Metarhizium can be engineered to kill insects faster (13) , but a slow speed of kill that enables mosquitoes to achieve part of their lifetime reproductive output will reduce selection pressure for resistance to the biopesticide and translate into additional decades of effective product use (5, 10, 14) . It would be highly desirable to obtain fungal strains that greatly reduce mosquito infectiousness, because this could improve disease control without increasing the spread of resistance (5) . To achieve this effect, we engineered M. anisopliae to deliver molecules that selectively block parasite development within the vector.
Recombinant M. anisopliae strains were tested for their ability to block P. falciparum development in Anopheles gambiae (Africa's principal malaria vector) (15) . The 12-amino acid salivary gland and midgut peptide 1 (SM1) binds to the surface of salivary glands, thus blocking the entry of sporozoites (16) . We inserted into M. anisopliae a synthetic gene (termed [SM1] 8 ) that expressed eight repeats of the SM1 peptide. The scorpion (Pandinus imperator) antimicrobial scorpine is a hybrid between a cecropin and a defensin but is 100-fold more potent than these against Plasmodium (17). The single-chain antibody PfNPNA-1 is based on a recombinant human monoclonal antibody that specifically recognizes the repeat region (Asn-Pro-Asn-Ala) of the P. falciparum surface circumsporozoite protein and agglutinates sporozoites (18) . A gene expressing the hybrid protein [SM1] 8 :scorpine was produced by fusing the polymerase chain reaction (PCR) product of [SM1] 8 to scorpine. All four genes were synthesized with the MCL1 signal peptide at the N terminus (to drive secretion) (table S1) and cloned into a plasmid downstream of the M. anisopliae Mcl1 promoter (PMcl1) (fig. S1 ). PMcl1 only expresses transgenes when the fungus encounters the mosquito hemolymph (13) . The antiplasmodial genes were individually transformed into M. anisopliae, and we selected single-copy transformants ( fig. S2 ) with wildtype rates of growth and sporulation ( fig. S3 ). We also confirmed that transgenes were expressed within 20 min of the fungus contacting hemolymph and that their products interacted with salivary glands or sporozoites ( fig. S4) .
We inoculated adult female mosquitoes with Metarhizium by spraying them with spore suspensions containing 5 × 10 5 spores per ml or 5 × 10 6 spores per ml, because this allowed the de- 8 was detected on the surface of salivary glands 2 days after fungal inoculation, and fluorescent intensity peaked at 4 days (Fig. 1) . To assess the malaria control potential of Metarhizium strains applied to mosquitoes with advanced malaria infections, we infected mosquitoes with 90 spores per insect 11 days after feeding on Plasmodium-infected blood cultures and counted salivary gland sporozoites on day 17. The parental wild-type Metarhizium strain did not significantly reduce sporozoite density compared to control mosquitoes not infected by Metarhizium (P > 0.05, Mann-Whitney test). Strains expressing [SM1] 8 , PfNPNA-1, and scorpine reduced sporozoite counts by 71 T 2.4%, 85 T 3.2%, and 90 T 2.5%, respectively (Fig. 2) . The fusion [SM1] 8 :scorpine reduced sporozoite density to a greater extent than did [SM1] 8 (P < 0.05, Mann-Whitney test), but the effect was significantly less than that of scorpine alone (P < 0.05, Mann-Whitney test). However, co-inoculating mosquitoes with an equal number of spores (totaling 90 spores per mosquito) containing the scorpine and [SM1] 8 :scorpine genes reduced sporozoite density from 4715 T 585 to 105 T 21 (98 T 0.7%), which was significantly (P < 0.05, Mann-Whitney test) greater than the reduction achieved by scorpine alone. Presumably sporozoites surviving free scorpine in the hemolymph are being challenged by [SM1] 8 :scorpine binding to the surface of salivary glands. Co-infecting mosquitoes with strains expressing PfNPNA-1 and scorpine likewise achieved a 97 T 0.9% reduction in sporozoite counts, significantly (P < 0.05, Mann-Whitney test) greater than the reduction achieved by either scorpine or PfNPNA-1 alone.
We next performed a time course study and measured sporozoite prevalence (% of sporozoitepositive salivary glands) and density in mosquitoes 12 to 17 days after feeding on Plasmodiuminfected blood and 1 to 6 days after infection with Metarhizium. Sporozoites began to appear on salivary glands 14 days after feeding. Co-infecting mosquitoes with Metarhizium strains expressing the optimal combination of scorpine and [SM1] 8 : scorpine reduced sporozoite density by >95% through days 14 to 17, whereas the wild-type Metarhizium strain did not significantly reduce sporozoite density (Fig. 3) . At day 14, 94 T 2% of the mosquitoes not infected with Metarhizium had sporozoites, compared with 25 T 1% of insects infected with transgenic strains and 87 T 3% of insects treated with the wild type (Table  1) . When the analysis is limited only to those mosquitoes with salivary gland infections, transgenic strains reduced sporozoite density from 1724 T 394 to 150 T 30 (91 T 0.4%) at day 14, and from 4504 T 324 to 355 T 50 (92 T 1%) at day 17 ( fig. S6) .
The potential of Metarhizium strains to reduce malaria transmission was estimated by combining their impacts on mosquito mortality, blood-feeding activity, and the prevalence of sporozoites (Table 1) . Infection with transgenic strains 11 days after a Plasmodium-infected blood meal reduced transmission by 78 T 1% (a total of 14 days after blood meal), 75 T 2% (15 days), 77 T 2% (16 days), and 91 T 1% (17 days). Infection with wild-type Metarhizium reduced transmission by 16 T 1% (14 days), 37 T 2% (15 days), 54 T 1% (16 days), and 81 T 3% (17 days). Thus, expression of transgenes shortened the time taken to reduce transmission, allowing Metarhizium to be effective even if sporogony is well advanced by the time the strain contacts the mosquito. At day 14, when the difference in impact was greatest, the transgenic strains reduced transmission~fivefold when compared with transmission with the wild type. This is a conservative estimate because it does not take into account the 91% reduction in sporozoite density in those insects with salivary gland infections. Estimates vary as to the minimum sporozoite inoculum required to establish an infection in humans, but A. stephensi mosquitoes and wild African A. gambiae with low salivary gland infections are unlikely to transmit sporozoites (19, 20) , and studies in humans have shown a clear correlation between the ability to produce a malaria infection and the intensity of salivary gland infection (21, 22) .
A lower dose of spores (7 T 6 spores per mosquito) meant that it took 7 days to reach the level of scorpine expression and the titer of hyphal bodies achieved in 3 days by~90 spores per mosquito ( fig. S7 ). Infecting mosquitoes with the low-spore dose 7 days after a Plasmodiuminfected blood meal reduced prevalence ( fig. S8 ), Fig. 2 . Expression of antiplasmodials by M. anisopliae inhibits sporozoite invasion of salivary glands. Mosquitoes were infected with the wild-type or transgenic Metarhizium strains 11 days after a Plasmodium-infected blood meal, and 6 days later salivary glands from each treatment were dissected, pooled into groups each containing glands from five mosquitoes, and homogenized for sporozoite counting. sporozoite density (fig. S6) , and malaria transmission (table S3) to similar levels as the high dosage. By day 18, the mortality of insects infected with transgenic or wild-type strains of Metarhizium at low or high doses was~90%, and 100% were dead by day 20, whereas >80% of the mosquitoes infected with Plasmodium alone were still alive and carrying thousands of sporozoites.
Our study shows that entomopathogenic fungi engineered to produce antimalarial peptides can block transmission by mosquitoes with advanced malaria infections. In the field, this would reduce the current need for mosquitoes to become infected with fungi soon after they pick up the malaria parasite. Furthermore, the transgenic fungi still only kill older mosquitoes, so they do not increase selection for resistance development. The level of transmission blocking achieved by the transgenic Metarhizium strains exceeds that reported for most genetic engineering approaches involving transgenic refractory insects (23, 24) or insect commensals (25, 26) . Furthermore, these means of malaria control require the fitness of the transgenic organism to be high. In contrast, the fitness of transgenic biopesticides could be quite low (5, 10) , and there is no requirement for driving mechanisms to replace field populations with engineered lines because a transgenic pathogen need not recycle. Overall, therefore, field release of a pathogen is comparatively easily handled, and, because M. anisopliae can infect A. gambiae, A. arabiensis, and A. funestus, it is an approach that need not be specific to one or a few interbreeding populations of Anopheles, leaving other populations to transmit disease.
A potential problem with relying on antimalarial effects is that they might in the long run suffer from the evolution of resistant malaria parasites. However, Metarhizium is a tractable model for evaluating and delivering transmission blocking proteins and could be used to express multiple transgenes with different modes of action to reduce the probability of emergence of resistance to one mechanism. The diversity of antimicrobials could also offer a general approach for controlling other devastating vector-borne diseases. Scorpine inhibits dengue virus too (27) , and M. anisopliae can infect Aedes aegyptii (the dengue fever vector) (13) . M. anisopliae also infects the filariasis mosquito Culex quinquefasciatus (28) , and different strains of M. anisopliae pathogenic to tsetse fly or ticks have been identified (29, 30) . The pathogens these arthropods vector are likely to be susceptible to scorpine and trypanosome lytic factor (27, 31) . The ability of M. anisopliae to express a functional singlechain antibody fragment is notable because recombinant antibodies provide a vast array of potential antiparasite and anti-arthropod effectors. These would facilitate construction of very effective, highly specific, biopesticides with minimal increased potential for negative environmental impact relative to their parental wildtype strains. Fig. 3 . Sporozoite prevalence and density in mosquitoes infected by transgenic (TS) Metarhizium strains expressing scorpine and [SM1] 8 :scorpine. Mosquitoes were each infected with~90 Metarhizium spores 11 days after a Plasmodium-infected blood meal, and salivary glands were scored for sporozoites. Sporozoites were first detected on day 14. The absence of sporozoites determined microscopically was confirmed by PCR ( fig. S9 ). C, control mosquitoes infected with Plasmodium only; WT, mosquitoes infected with Plasmodium and the wild-type M. anisopliae strain. Statistical significance was determined by Mann-Whitney test, a = 0.05. The horizontal lines represent the medians.
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